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spatially	 confined	 growth	 signal,	 differential	 mechanical	 properties,	 and	 cell	 growth	 anisotropy.	 Our	32	
analysis	 also	 reveals	 that	 SMC	 characteristics	 first	 arise	 in	more	 than	 one	 cell	 but	 SMC	 fate	 becomes	33	
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soma.	 In	 animals,	 primordial	 germ	 cells	 (PGCs)	 are	 set-aside	 during	 embryogenesis	 from	 a	 mass	 of	45	
pluripotent	cells.	The	number	of	germ	cells	depends	on	the	balance	between	proliferation	(self-renewal)	46	
and	 differentiation,	 a	 process	 controlled	 by	 both	 intrinsic	 factors	 signals	 from	 and	 the	 surrounding	47	
somatic	 tissues.	 In	 flowering	 plants,	 the	 first	 cells	 representing	 the	 germline,	 the	 spore	mother	 cells	48	
(SMCs),	 differentiate	 only	 late	 in	 development.	 SMCs	 arise	multiple	 times,	 in	 each	 flower	 during	 the	49	
formation	of	 the	reproductive	organs.	 In	Arabidopsis,	 the	 female	SMC	differentiates	 in	 the	nucellus	of	50	




Although	 SMC	 singleness	may	 appear	 to	be	 robust,	more	 than	one	 SMC	 candidate	per	 primordium	 is	55	
occasionally	 seen,	 yet	 at	 different	 frequencies	 depending	 on	 the	 Arabidopsis	 accession	 (9,6%	 in	56	





cell-cycle	 regulation	 contributes	 to	 the	 stabilization	 of	 its	 fate	 in	 a	 cell-autonomous	manner	 through	62	
cyclin-dependent	 kinase	 (CDK)	 inhibitors	 and	 RETINOBLASTOMA-RELATED1	 (RBR1)	 (Cao	 et	 al.,	 2018;	63	




specification	are	 still	 poorly	understood.	 In	principle,	 SMC	 singleness	may	be	 controlled	by	 successive	68	
molecular	cues.	However,	even	in	that	scenario,	such	cues	must	be	positional,	at	least	to	some	extent,	69	
and	 thus	 involve	 a	 spatial	 component.	 Over	 the	 last	 decade,	many	 different	molecular	 cues	 defining	70	
spatial	patterns	 in	 the	ovule	primordium	were	 identified	 (Pinto	et	al.,	 2019;	Su	et	al.,	 2020),	however	71	
their	 coordination	 is	 unknown.	 Since	 SMCs	 emerge	 at	 the	 primordium	 apex	 concomitant	 with	 its	72	
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elongation,	 we	 hypothesize	 that	 geometric	 constraints	 during	 ovule	 morphogenesis	 influence	 SMC	73	
singleness	 and	 differentiation.	 Such	 an	 hypothesis	 could	 explain	 variation	 in	 the	 number	 of	 SMC	74	
candidates,	ultimately	culminating	in	a	single	SMC	entering	meiosis.	Answering	the	questions	of	whether	75	
SMC	 formation	 follows	a	 stereotypical	 or	plastic	 developmental	 process	 and	whether	 it	 is	 intrinsically	76	
linked	 to	 or	 independent	 of	 ovule	 primordium	 formation	 would	 unravel	 fundamental	 principles	77	
connecting	cell	fate	establishment	and	organ	growth.	78	
Such	 an	 analysis	 requires	 a	 high-resolution	 description	 of	 ovule	 geometry	 during	 development.	 Our	79	
current	 knowledge	 of	 ovule	 primordium	 growth	 in	 Arabidopsis	 is	 based	 on	 two-dimensional	 (2D)	80	
micrographs	from	tissue	sections	or	clearings.	It	is	described	in	discrete	developmental	stages	capturing	81	





and	 quantified	 the	 growth	 of	 the	 ovule	 primordium	 at	 cellular	 resolution	 in	 3D.	 We	 combined	 3D	87	
imaging,	quantitative	analysis	of	cell	and	 tissue	characteristics,	 reporter	gene	analyses,	2D	mechanical	88	
growth	simulations.	 In	addition,	using	 the	katanin	mutant	 that	affects	anisotropic	cell	growth	and	cell	89	
division	 patterns	 (Luptovciak,	 Komis,	 et	 al.,	 2017;	 Ovecka	 et	 al.,	 2020),	 we	 show	 that	 altered	 ovule	90	
morphology	lead	to	ectopic	SMC	candidates.	We	also	uncovered	that	differentiation	of	SMC	candidates	91	
initiate	 earlier	 than	 previously	 thought,	 and	 provide	 evidence	 for	 a	 gradual	 process	 of	 cell	 fate	92	
restriction,	channeling	the	specification	of	a	single	SMC	prior	to	meiosis.	93	
	 	94	
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To	 generate	 a	 reference	 image	 dataset	 describing	 ovule	 primordium	 development	 in	 3D	 and	99	
with	 cellular	 resolution,	 we	 imaged	 primordia	 at	 consecutive	 stages	 in	 intact	 carpels	 by	 confocal	100	
microscopy.	 Carpels	 were	 cleared	 and	 stained	 for	 cell	 boundaries	 using	 a	 modified	 PS-PI	 staining	101	
(Truernit	 et	 al.,	 2008)	 and	mounted	using	 a	 procedure	preserving	 their	 3D	 integrity	 (Mendocilla-Sato,	102	
2017)	 (Figure	 1A).	We	 selected	 high	 signal-to-noise	 ratio	 images	 and	 segmented	 them	 based	 on	 cell	103	
boundary	 signals	 using	 Imaris	 (Bitplane,	 Switzerland)	 as	 described	 previously	 (Mendocilla-Sato,	 2017)	104	
(Figure	1B).	We	manually	curated	92	ovules	representing	seven	consecutive	developmental	stages	(7-21	105	
ovules	 per	 stage,	 Figure	 1B,	 Table	 1,	 Source	 Data	 1),	 classified	 them	 according	 to	 an	 extended	106	
nomenclature	(explained	 in	Materials	and	Methods).	The	temporal	resolution	of	our	analysis	 led	us	to	107	
subdivide	 early	 stages	 (stage	 0-I	 to	 stage	 0-III)	 covering	 primordium	 emergence	 prior	 to	 the	 straight	108	
digit-shape	of	the	organ	set	as	stage	1-I,	where	the	SMC	becomes	distinguishable	by	its	apparent	larger	109	
size	in	longitudinal	views	(Grossniklaus	et	al.,	1998)	(Figure	1B).				110	
To	evaluate	 the	distinct	 contribution	of	 domain-,	 layer-	 and	 cell-specific	 growth	dynamics,	we	111	
labeled	cells	depending	on	their	belonging	to	different	regions	of	the	ovule	primordium:	apical	vs	basal	112	





R-based	 interface	 named	 OvuleViz.	 The	 interface	 imports	 cell	 descriptors	 exported	 from	 segmented	118	
image	files	and	enables	multiple	plots	from	a	user-based	selection	of	(sub)datasets	(Figure	supplement	119	
1A-C,	 Materials	 and	 Methods).	 This	 work	 generated	 a	 reference	 collection	 of	 annotated,	 3D	 images	120	
capturing	 ovule	 primordium	 development	 at	 cellular	 resolution	 from	 emergence	 until	 the	 onset	 of	121	
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(B)	 Ovule	 primordium	 developmental	 stages	 (0-I	 to	 2-II)	 and	 organ	 viewpoints	 (domains)	 defined	 for	 the	 3D	132	
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placenta*	 2.5	 (±3.5)	 (n=21)	 3.6	 (±0.5)	 (n=17)	 5.9	 (±1.0)	 (n=11)	
range	(min-max)	 2	 	-		 3	 3	 	-		 4	 5	 	-		 8	
total	#	cells	 28	 (±5.7)	 (n=21)	 38	 (±8.0)	 (n=17)	 80	 (±8.4)	 (n=11)	
width	(µm)	(W)	 23	 (±3.5)	 		 26.3	 (±2.4)	 		 28.0	 (±3.1)	 		
height	(µm)	(H)	 5.3	 (±1.2)	 		 11.9	 (±2.1)	 		 22.5	 (±3.6)	 		
H:W	ratio	 0.2	 (±0.04)	 (n=13)	 0.45	 (±0.06)	 (n=14)	 0.8	 (±0.12)	 (n=8)	





placenta*	 7.3	 (±1.3)	 (n=15)	 9.7	 (±1.0)	 (n=11)	
range	(min-max)	 6	 	-		 10	 8	 	-		 11	
total	#	cells	 105	 (±10.6)	 (n=15)	 128	 (±18.0)	 (n=11)	
width	(µm)	(W)	 27	 (±2.0)	 		 27.8	 (±3.5)	 		
height	(µm)	(H)	 30	 (±2.8)	 		 39	 (±5.9)	 		
H:W	ratio	 1.1	 (±0.10)	 (n=6)	 1.4	 (±0.22)	 (n=8)	
	       
 
2-I	 2-II	
	   cells	above	
placenta*	 10	 (±1.1)	 (n=10)	 12.6	 (±1.0)	 (n=7)	
	   range	(min-max)	 9	 	-		 12	 11	 	-		 14	
	   total	#	cells	 151	 (±18.9)	 (n=10)	 165	 (±19.8)	 (n=7)	
	   
Table	1.	Classification	criteria	of	Arabidopsis	ovule	primordia.		142	
The	table	summarizes	general	characteristics	of	ovule	primordia	per	stage:	cell	“layers”	above	the	placenta	scored	143	




To	 identify	 correlations	 between	 growth	 patterns	 and	 differentiation,	 we	 first	 performed	 a	148	
principle	 component	 analysis	 (PCA)	 based	 on	 the	 aforementioned	 cell	 descriptors,	 per	 cell	 type	 and	149	
stage,	 considered	 together	 or	 separately	 (Figure	 supplement	 1D-E).	 In	 this	 global	 analysis,	 the	 SMC	150	
appears	morphologically	distinct	at	late	stages	(2-I	and	2-II)	but	not	at	early	stages.	This	prompted	us	to	151	
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contrast	 in	 events	 between	 Phase	 I	 and	 II	 is	 illustrated	 by	 the	 fold-changes	 (FCs)	 in	 cell	 number	 and	169	
aspect	 ratio	 (Figure	 2D)	which	 range	 between	 1.5	 and	 2.0	 in	 Phase	 I	whereas	 drop	 to	 1.4	 and	 1.2	 in	170	






2E,	 2F).	 To	 verify	 these	 findings	 with	 a	 cellular	 marker,	 we	 analyzed	 the	 M-phase-specific	177	
promCYCB1.1::CYCB1.1-db-GFP	 reporter	 (abbreviated	CYCB1.1db-GFP)	 (Ubeda-Tomas	et	al.,	 2009).	We	178	




differentiate.	 	 Consistent	 with	 our	 previous	 observation,	 in	 Phase	 I,	 a	 high	 proliferation	 activity	 was	183	
scored	 in	 L1	 cells	 at	 the	 primordium	 apex	 (scoring	 64%	 of	mitotic	 events).	 By	 contrast,	 the	 L2	 apical	184	
domain	 remains	 relatively	quiescent	 (contributing	only	3%	of	 the	mitotic	events).	During	Phase	 II,	 the	185	
majority	 (60%)	 of	 mitotic	 events	 is	 found	 in	 the	 basal	 domain,	 consistent	 with	 the	 progressive	186	
population	of	the	basal	domain.	It	is	noteworthy	that	during	this	phase,	few	mitotic	events	are	detected	187	
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in	 L2	apical	 cells,	with	 the	exception	of	 SMC	neighbor	 cells	 that	 show	 frequent	divisions	at	 stage	1-II.	188	
Thus,	 genetic	 reporter	 analysis	 confirmed	 a	 biphasic,	 temporal	 pattern	 of	 cell	 division	 with	 changing	189	










Figure 2. Ovule primordium morphogenesis involves domain-specific cell division and anisotropic cell 
growth patterns. 
(A) n cell number p r ovule increases mainly during stages 0-I to 0-III (Pha e I), whereas cell volume 
per ovule remains constant on average across primordium development (stages 0-I to 2-II).  
(B) Representative image of a continuous surface of an ovule primordium mesh and its projected median 
plane. Dashed lines indicate the minimal and maximal curvature points used to measure organ height and 
width. Color scale: minimal curvature m-1 (see also Figure S2B).   Continued on next page 
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(G)	 Representative	 images	 of	 ovule	 primordia	 expressing	 the	 M-phase	 reporter	 promCYCB1.1::CYCB1.1db-GFP	206	










The	SMC	anisotropy	 index	 (boxplot,	 left;	 stage	0-II,	n=16	ovules)	was	calculated	 from	the	Maximum	(dark	blue),	217	
Minimum	(light	blue)	and	Medium	(medium	blue)	covariance	matrix	eigenvalues,	computed	from	3D	segmented	218	
cells	 (see	 Figure	 supplement	 2G).	 Image	 (middle):	 illustration	 of	 the	 SMC	main	 anisotropy	 axis	 (orange	 arrow)	219	
related	by	an	angle	‘alpha’	to	the	main	axis	of	the	ovule	primordium	(white	arrow),	stage	0-II.		Radar	plot	(right):	220	
‘alpha’	angle	measured	on	z	projections	for	n=16	ovule	primordia	at	stage	0-II.	See	also	Materials	and	Methods.	221	
Error	bars:	 Standard	errors	 to	 the	mean.	Differences	between	 cell	 types	or	primordium	domains	were	 assessed	222	
using	 a	 two-tailed	Man	Whitney	 U	 test	 in	 (A)	 and	 (I);	 a	 two-tailed	Wilcoxon	 signed	 rank	 test	 in	 (J).	 	 *p≤0.05,	223	
**p≤0.01,	***p≤0.001.		See	also	Figure	supplement	2,	Source	Data	2,	Materials	and	Methods.	224	
	225	




is	 not	 uniform	 among	 ovules,	 demonstrating	 plasticity	 in	 the	 process	 (Figure	 supplement	 2D).	 In	230	
addition,	 cells	 from	the	L2	and	L3	 layers	are	 larger	 than	L1	cells	already	at	 stage	0-I	 (Figure	2J,	 Figure	231	
supplement	 2E)	 possibly	 due	 to	 a	 longer	 growth	 phase,	 consistent	 with	 the	 low	 division	 frequency	232	
observed	previously.		233	
We	 then	 investigated	 cell	 shape	 changes	 during	 primordium	 elongation,	 using	 ellipticity	 and	234	
sphericity	 indices	computed	following	segmentation.	The	analysis	did	not	reveal	significant	differences	235	
between	domains	or	layers	(Figure	supplement	2F).	This	could	indicate	either	a	highly	variable	cell	shape	236	
or	 local,	 cell-specific	differences.	We	 thus	more	 specifically	 analyzed	 the	 subepidermal	domain	where	237	
the	 SMC	 differentiates.	 Companion	 cells	 showed	 an	 increasing	 ellipticity	 (and	 decreasing	 sphericity),	238	
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starting	 at	 stage	 1-I	 and	 culminating	 at	 stage	 2-I	 (Figure	 supplement	 2F).	 By	 contrast,	 the	 SMC	 only	239	
showed	 a	moderate	 decrease	 in	 sphericity	 at	 late	 stages	 and	 no	 distinctive	 ellipticity	 at	 early	 stages	240	
(Figure	 supplement	 2F)	 when	 compared	 to	 other	 cells.	 To	 get	 more	 information	 on	 SMC	 shape,	 we	241	
compared	the	maximum,	medium	and	minimum	anisotropy	index.	For	this,	we	developed	an	extension	242	
for	MorphoMechanX	(Barbier	de	Reuille	et	al.,	2015),	(www.morphomechanx.org)	to	(i)	perform	a	semi-243	
automatic	 labeling	 of	 cell	 layers	 and	 cell	 types	 from	 a	 cellularized	mesh	 obtained	 from	 segmentation	244	
data	 and	 (ii)	 compute	 in	 each	 3D	 cell	 the	 principal	 axes	 of	 shape	 anisotropy	 and	 the	 corresponding	245	
indexes	 (Figure	 supplement	 2G,	 Supplemental	 File	 1,	 movie	 in	 Supplemental	 File	 2).	 The	 averaged	246	
maximum	anisotropy	 shape	 index	of	 the	SMCs	was	consistently	above	 the	medium	 (and	hence	above	247	







phase	 II,	 combined	with	 localized,	anisotropic	expansion	 in	 the	L2	apical	domain.	 In	 this	process,	SMC	255	
characteristic	 distinct	 size,	 anisotropic	 shape	 and	 orientation	 aligned	 with	 the	 growth	 axis	 of	 the	256	
primordium	emerge	already	in	Phase	I,	while	entering	a	pronounced	growth	and	elongation	at	Phase	II	257	
concomitantly	to	organ	shape	elongation.	While	primordium	elongation	is	not	explained	by	anisotropic	258	




2D	mechanical	 simulations	of	ovule	primordium	development	 relate	 its	 coordinated	growth	 to	SMC	263	
shape	emergence		264	
Organ	shape	is	determined	by	the	rate	and	direction	of	cell	growth,	in	turn	affected	by	signaling	265	




on	 SMC	 differentiation,	 which	 involves	 early	 differential	 cell	 growth,	 we	 sought	 to	 understand	 the	270	
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contributions	 of	 local	 growth	 rate	 and	 anisotropy,	 and	 their	 relation	 to	 signaling	 and	 mechanical	271	
constraints	(Coen	et	al.,	2004;	Kennaway	et	al.,	2011).		272	
We	first	aim	at	determining	morphogenetic	principles	of	primordium	growth	at	the	tissue	level	273	
by	 developing	 a	 2D	 Finite	 Element	 Method	 (FEM)-based	 mechanical	 model,	 which	 considered	 two	274	
uncoupled	but	complementary	modes	of	growth	(Bassel	et	al.,	2014):	(i)	signal-based	growth	in	which	an	275	
abstract	 growth	 factor	 captures	 the	 cumulative	 effects	 of	 biochemical	 signals,	without	 considering	 its	276	
explicit	mode	of	action	(i.e.,	cell	wall	loosening,	increase	in	turgor	pressure)	(Boudon	et	al.,	2015;	Coen	277	
et	 al.,	 2004);	 and	 (ii)	 passive	 strain-based	 growth	 in	which	 relaxation	 accommodates	 excess	 of	 strain	278	
(and	 therefore	 also	 excess	 of	 stress)	 that	 accumulated	 in	 the	 tissue,	 by	 relaxing	 its	 reference	279	
configuration	 according	 to	 the	 amount	 of	 strain(Boudon	 et	 al.,	 2015;	 Bozorg	 et	 al.,	 2016).	 The	280	
mechanical	equilibrium	is	computed	to	ensure	compatibility	within	the	tissue	that	 is	 locally	growing	at	281	
different	 rates	and	orientations.	 This	 introduces	 residual	 internal	 compressions	and	 tensions	 to	which	282	
the	 action	 of	 turgor	 pressure	 has	 to	 be	 added	 up	 (Boudon	 et	 al.,	 2015;	 Rodriguez	 et	 al.,	 1994).	 A	283	
polarization	field	is	used	to	set	the	direction	of	anisotropic	growth	for	both	growth	mechanisms	(Coen	et	284	
al.,	2004).	The	 simulation	consists	of	 iterations	where	 the	mechanical	equilibrium	 is	 computed	before	285	
each	 growth	 step	 is	 specified	 by	 signal-	 and	 strain-based	 growth	 (Supplemental	 File	 1).	 This	 strategy	286	
extends	 previous	 tissue	 growth	models	 (Bassel	 et	 al.,	 2014;	 Boudon	 et	 al.,	 2015;	 Bozorg	 et	 al.,	 2016;	287	
Kuchen	et	al.,	2012;	Mosca,	2018).	288	
We	 designed	 a	 starting	 template	 consisting	 of	 an	 L1	 layer	 distinct	 from	 the	 underlying	 L2,	 L3	 tissue	289	
based	on	different	growth	and	material	properties	(Table	2,	Figure	supplement	3,	Supplemental	File	1).	290	




high	concentration	 in	 inner	 layers,	 a	broad	domain	competent	 for	passive	 strain-based	 relaxation	and	295	
material	anisotropy.		296	
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 






1	 2	 3	 4	 5	 6	 7	 8	
Growth	anisotropy	 ●	 ●	 -	 ●	 ●	 ●	 ●	 ●	
Material	anisotropy	 ●	 -	 ○	 ○	 ○	 ○	 ○	 ○	
Passive	Strain-based	relaxation		 ●	 ●	 ●	 ●	 ●	 ●	 ●	 -	
Signal-based	growth	 	 	 	 	 	 	 	 	
Distribution	 L1	only	 -	 -	 -	 -	 -	 ●	 -	 -	
Inner	tissue	only	(pi-shape)	 -	 -	 -	 -	 -	 -	 ●	 -	
L1	+	inner	tissue	(pit-shape)	 ●	 ●	 ●	 -	 ●	 -	 -	 ●	
L1	+	inner	tissue	(broad	distribution)	 -	 -	 -	 ●	 -	 -	 -	 -	
Fixed	high	concentration	 L1	only	 -	 -	 -	 -	 ●	 ●	 -	 -	
Inner	tissue	only	 -	 -	 -	 -	 -	 -	 ●	 -	
L1	+	inner	tissue	 ●	 ●	 ●	 ●	 -	 -	 -	 ●	
Table	2.	Hypotheses	used	to	generate	the	mass-spring	(MS)	and	continuous	Finite	Element	Method	(FEM)	297	
based	simulations.		298	
Several	 growth	 and	 mechanical	 hypotheses	 were	 listed	 at	 start	 of	 modelling.	 To	 evaluate	 their	 effect	 on	299	
primordium	 growth	 each	 hypothesis	 was	 excluded	 (-)	 in	 at	 least	 one	 scenario.	The	 FEM	 and	 mass-spring	 (MS)	300	
models	presented	 in	 Figure	3	and	S3	are	numbered	according	 to	 the	 scenarios	 (1-8)	 in	 the	 table.	 Since	 it	 is	not	301	
possible	 for	MS	 to	 simulate	material	 anisotropy,	Model	 1	was	only	 tested	with	 FEM.	 The	hypothesis	 of	Growth	302	
anisotropy	 is	 always	 active	 for	 the	 L1	 layer	 in	 the	 models	 reported	 in	 the	 table.	 Empty	 dots	 for	 "Material	303	
anisotropy"	were	considered	only	for	the	FEM	models.		See	also	Figure	supplement	3	and	Supplemental	File	1	for	304	
modelling	principles,	results	and	detailed	computational	methods.	305	
Then,	using	 the	versatility	of	 the	modeling	 framework	 to	vary	 initial	 conditions,	we	 tested	 the	306	
influence	 of	 the	 spatial	 distribution	 of	 the	 specified	 growth	 signal	 on	 primordium	 growth.	 As	 first	307	
variation,	we	 let	the	growth	signal	diffuse	broadly	 in	the	domain	while	maintaining	the	selected	 initial	308	




layers.	 This	model	 produced	 a	 sharp	primordium,	narrower	 and	 taller	 than	 the	Reference	Model,	 but	313	
does	not	preserve	L1	thickness	(Figure	supplement	3B).	The	L2	apical	domain	is	narrower	as	compared	314	
to	 the	 Reference	Model.	When	 the	 growth	 signal	 is	 absent	 in	 the	 inner	 tissue	 (FEM-Model	 6),	 signal	315	
growth	 in	 the	 L1	 alone	 is	 not	 sufficient	 to	 enable	 primordium	 growth	 (Figure	 supplement	 3B).		316	
	317	
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T = 190 
Reference (FEM-model 1)  FEM-model 3: isotropic cell growth  
T = 24 
Figure 3  
A B 
C E Reference (MS-model 2)  MS-model 3: isotropic cell growth  
F 
T = 24 
T = 190 
D F Reference (MS-model 2)  MS-model 3: isotropic cell growth  
100 µm 
10 µm 
Trace Green strain 
0.2 0.0 -0.2 
T = 58 
T = 132 
Growth signal 
0.2 0.1 0 
Anisotropy index 
2.5 2 0 0.5 1 1.5 
T = 58 
T = 132 
10 µm 
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primordium	when	 this	 is	 present	 in	 the	 inner	 layers,	 this	 hypothesis	 (Table	 2)	 was	 removed	 in	 FEM-337	
Model	7	(Figure	supplement	3B).	This	scenario	indeed	enables	to	grow	a	digit	shape	structure	(as	long	as	338	
strain-based	 growth	 is	 permitted),	 yet	 the	 dome	 appears	 shallower	 than	 the	 Reference	 Model.		339	
To	conclude,	both	models	where	high	growth	signal	 is	 selectively	present	only	 in	 L1	or	 in	 inner	 tissue	340	
layers	can	produce	a	primordium.	Yet,	absence	of	growth	signal	in	the	inner	layers	result	in	drastic	shape	341	
alterations.	This	favors	a	scenario	where	inner	tissue	-driven	growth	has	a	fundamental	role.		342	









component	 abolished	 the	 digit	 shape	 of	 the	 primordium	 and	 produced	 a	 hemi-spherical	 protrusion	352	
(FEM-Model	3,	Figure	3B).		353	
	354	
In	 summary,	we	 identified	 parsimonious	 growth	principles	 shaping	 the	 ovule	 primordium	and	355	
suggesting	 different	 contributions	 of	 the	 epidermis	 and	 inner	 layers:	 an	 active	 tissue	 growth,	mostly	356	
inner-driven	 and	 requiring	 a	 narrow,	 pit-shape	 domain	 of	 growth-signal,	 complemented	 by	 passive	357	
tissue	growth	with	a	necessary	 response	of	 the	L1	 to	accommodate	accumulated	strain.	Furthermore,	358	
material	 anisotropy	 in	 the	 L1	 is	 predicted	 to	 play	 a	 role	 in	 constraining	 L1	 thickness	 as	 observed	359	
experimentally.	360	
	361	
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Next,	we	 aimed	 to	 analyze	 how	 cell	 division	 and	 cell	 shape,	 particularly	 that	 of	 the	 SMC,	 are	362	
connected	 to	 tissue	growth	patterns	at	cellular	 scale.	For	 this,	we	developed	a	complementary	model	363	




(Supplemental	 File	 1).	 We	 simulated	 growth	 starting	 with	 a	 virtual	 grid	 of	 cells	 representing	 a	 flat	368	
placenta	and	focused	on	early	stages	of	ovule	primordium	formation	until	stage	1-I.	We	tested	the	same	369	
combination	of	growth	hypotheses	as	for	the	continuous	model	(Table	2),	except	for	material	anisotropy	370	
that	 cannot	be	easily	 embedded	 in	 a	 vertex-based	model.	As	we	observed	 that	 L1	 cells	 do	not	divide	371	
periclinally,	nor	change	in	volume	on	average	(see	Figure	supplement	2C),	we	deduced	that	their	growth	372	




allowed	 for	 larger	 cells	 in	 subepidermal	 layers	 compared	 to	 the	 epidermis,	 in	 agreement	 with	 our	377	
observation	(Figure	supplement	2E).	378	
We	observed	that	MS-Model	2	best	captures	the	characteristic	shape	and	aspect	ratio	of	ovules	379	
(Figure	 3C-D,	 Figure	 supplement	 3D).	 This	 Reference	 Model	 confirmed	 the	 growth	 hypotheses	 from	380	
FEM-based	 simulations	 regarding	 the	 distribution	 and	 orientation	 of	 signal-based	 growth	 (Figure	381	
supplement	 3B)	 and	passive	 strain-based	 growth	 (Figure	 supplement	 3C).	Altering	 growth	hypotheses	382	
similarly	 to	 that	 in	 the	 FEM	models	 produce	 similar	 results	 (Figure	 Supplement	 3B,C),	 yet	with	more	383	
dramatic	shape	changes	 in	 the	case	of	 lack	of	strain-based	relaxation	 (MS-Model	8	and	MS-Model	8a)	384	




in	 real	 primordia,	 in	 a	 2D	 longitudinal,	median	 section	 through	 the	 ovule	 (Figure	 2K).	 The	 elongated-389	
trapezoidal	 shape	of	 such	 cell	 is	 not	 a	 prescribed	 feature	of	 the	model,	 but	 rather	 emerges	 from	 the	390	
combination	 of	 assigned	 anisotropic	 cell	 growth	 and	 geometrical	 constraints	 imposed	 by	 the	391	
surrounding	growing	tissues.	392	
	393	
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This	 led	 to	 an	 ovule	 primordium	 with	 a	 wider	 and	 flatter	 dome,	 comparable	 to	 the	 FEM-Model	 3.	397	
Despite	 the	 absence	of	 specified	 growth	direction	 in	 inner	 tissue,	 due	 to	 geometrical	 constraints,	 the	398	
primordium	 still	 grows	mostly	 vertically.	We	 wanted	 to	 assess	 whether	 such	 geometrical	 constraints	399	
would	enable	the	formation	of	an	elongated,	trapezoidal	SMC	candidate	also	in	the	case	of	prescribed	400	
isotropic	growth.	As	Figure	3E-F	shows,	the	SMC	candidate	does	not	display	a	stereotypical	shape	and	is	401	




if,	 in	 the	 absence	 of	 specified	 anisotropic	 growth.	 The	 complementary	 model	 altering	 cell	 growth	406	
anisotropy	specifically	in	the	L1	further	suggested	that	directional	cell	growth	in	this	layer	is	necessary	to	407	
accommodate	 inner-driven	 growth	 and	 permit	 primordium	 elongation	 (MS-Model	 3b,	 Figure	408	
supplement	3F).		409	
In	all	of	 the	above	 simulations,	 the	 candidate	SMC	eventually	divided	as	 the	models	missed	a	410	
causative	rule	to	differentially	regulate	cell	division.	When	we	prevented	the	SMC	candidate	to	divide,	411	
its	 enlargement	 overrode	 primordium	 shape	 control	 in	 our	 simulations	 creating	 an	 enlarged	 dome	412	
(Figure	supplement	3G).	This	suggests	that	a	mechanism	may	limit	SMC	growth	in	real	primordia.	413	
	 Altogether,	 2D	 mechanical-based	 simulations	 in	 both	 continuous	 tissue,	 or	 cell-based	414	
approaches	confirmed	a	role	 for	 localized	cell	growth	compatible	with	experimental	observations.	The	415	
simulations	also	pointed	to	the	importance	of	a	differential	role	for	the	epidermis	(accommodation)	and	416	






To	 experimentally	 test	 the	 prediction	 of	 the	 isotropic	 growth	 models	 we	 analyzed	 ovule	423	
primordium	growth	and	SMC	fate	establishment	in	katanin	mutants	with	well	described	and	understood	424	
geometric	 defects:	 in	 absence	 of	 the	microtubule-severing	 protein	 KATANIN,	 the	 self-organization	 of	425	
cortical	 microtubules	 in	 parallel	 arrays	 is	 hindered,	 thereby	 decreasing	 the	 cellulose-dependent	426	
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al.,	 2001;	 Bouquin	 et	 al.,	 2003;	 Brodersen	 et	 al.,	 2008),	 collectively	 referred	 to	 katanin	 -	noted	 kat	 -	430	
mutants	 hereafter.	 We	 generated	 and	 analyzed	 a	 new	 dataset	 of	 59	 annotated	 3D	 digital	 kat	 and	431	
corresponding	 wild-type	 ovule	 primordia	 at	 stages	 0-III,	 1-I,	 and	 1-II	 (Source	 Data	 4A).	 kat	mutant	432	
primordia	 clearly	 showed	 an	 increased	 size	 and	 a	 more	 isotropic	 shape	 (Figure	 4A),	 being	 1.5	 times	433	
bigger	 in	volume	 than	wild-type	primordia	 (P=0.007,	 stage	0-III,	 Figure	4B)	with	a	 smaller	aspect	 ratio	434	
(P<0.01	stages	1-I,	1-II,	Figure	4C).	Because	the	width-to-height	 ratio	does	not	 inform	on	the	shape	at	435	
the	 flanks,	 we	 derived	 an	 equation	 to	 estimate	 the	 “plumpiness”	 of	 the	 primordia:	 primordia	 with	436	
rounder	flanks	will	have	a	higher	bounding	box	occupancy,	that	 is,	 the	volume	fraction	of	a	 fitting,	3D	437	
parallelepiped	 (bounding	 box)	 effectively	 occupied	 by	 the	 primordium	 (Figure	 4D,	 left),	 than	 straight-438	
digit	shape	ovules	of	the	same	aspect	ratio.	Mutant	primordia	clearly	deviate	from	wild-type	primordia	439	
in	their	relationship	between	aspect	ratio	and	bounding	box	occupancy	relationship	at	stage	1-I	(Figure	440	
4D,	 Figure	 supplement	 4A),	when	 the	 primordium	normally	 starts	 elongating	 along	 the	major	 growth	441	
axis.	These	measurements	confirmed	a	marked	attenuation	of	anisotropic	growth	in	kat	ovule	primordia	442	
as	was	observed	in	roots,	shoot	organs,	or	seeds	(Bichet	et	al.,	2001;	Hervieux	et	al.,	2016;	Luptovciak,	443	
Samakovli,	 et	 al.,	 2017;	 Ren	 et	 al.,	 2017;	Uyttewaal	 et	 al.,	 2012;	Wightman	 et	 al.,	 2013;	 Zhang	 et	 al.,	444	






and	 larger	 cells	 than	 in	 wild-type	 (P=0.03	 and	 P<0.001,	 respectively)	 (Figure	 4E).	 Mitosis	 frequency	451	
analysis	indicated	a	shift	in	cell	division	from	the	apex	towards	the	basis	(2.4	times	less	mitoses	in	the	L1	452	
dome	domain	 and	 2.7	 times	more	 in	 the	 L1	 basal	 domain,	 compared	 to	wild-type)	 (Figure	 4F,	 Figure	453	
supplement	4E),	consistent	with	the	increased	cell	number	observed	in	L1.		Yet	increased	divisions	is	not	454	
a	general	characteristic	of	kat	primordia	since	overall,	 the	apical	and	basal	domains	are	not	massively	455	
overpopulated.	 By	 contrast,	 kat	 cells	 are	 generally	 larger	 and	 slightly	 more	 spherical	 in	 all	 domains	456	
(Figure	4E,	Figure	supplement	4C-D).	When	looking	specifically	at	the	L2	apical	domain,	where	the	SMC	457	
differentiates,	we	noticed	an	 increased	 relative	 frequency	of	CYCB1.1db-GFP	expression	 specifically	 in	458	
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kat	SMC	neighbors	 at	 stage	0-II,	whereas	 it	 decreases	at	 stage	1-II	 (Figure	4F,	 Figure	 supplement	4E).	459	





(A)	3D	 segmented	 images	at	 stage	1-II.	 External	organ	view	 (top)	and	 longitudinal	 sections	 (bottom)	are	 shown.	465	
Scale	bar	10µm.	See	Source	Data	2A	for	full	datasets.	466	
Figure 4 
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was	 measured	 as	 in	 Figure	 2.	 Full	 maps	 of	 mitotic	 activity	 in	 different	 mutant	 alleles	 are	 shown	 in	 Figure	475	




Color	 code	 in	 all	 plots:	 Dark	 red:	WT;	 Salmon:	 kat	mutant.	 Error	 bars:	 standard	 error	 of	 the	mean.	 Differences	480	
between	WT	and	kat	mutants	 in	 (B),	 (C),	 (E),	 and	 (G)	were	assessed	using	a	Mann	Whitney	U	 test;	 a	 two-tailed	481	
Fischer’s	exact	 test	was	used	 in	 (F).	P	values:	*p≤0.05,	**p≤0.01,	***p≤0.001.	See	also	Figure	supplement	4	and	482	
Source	Data	4.	483	
	484	
In	 conclusion,	 the	 absence	 of	 KATANIN-mediated	 cell	 growth	 anisotropy	 is	 associated	 with	485	









SMC	 is	 identifiable	 in	 kat	 primordia	 yet	 it	 appears	 slightly	 bigger	 and	 more	 spherical	 with	 some	495	
variability	 over	 stages	 (Figure	 5A,	 Figure	 supplement	 5A).	 Interestingly,	 and	 consistent	 with	 the	496	





of	 primordia	with	 an	unambiguous,	 single	 SMC	 (Figure	 5C).	 The	kat	 phenotype	 is	 thus	 reminiscent	 of	502	












(A)	 SMCs	 lose	 their	 typical	 pear	 shape	 in	
katanin	 (kat)	 mutants.	 3D	 images	 of	 the	
apical-most	 cells	 according	 to	 top	 and	 side	
views	 as	 indicated,	 showing	 the	 SMC	
(yellow),	SMC	neighbors	(purple),	and	the	L1	
dome	(transparent	red).		
(B)	 Differential	 properties	 of	 L2,L3	 apical	
domain	 cells	 (SMC	 and	 SMC	 neighbors)	 in	
terms	 of	 cell	 number,	 mean	 cell	 volume,	
ellipticity,	 and	 sphericity	 at	 stage	 1-II.	 See	
also	 Figure	 supplement	 5A	 and	 Source	Data	
4B.		
(C)	 Representative	 images	 of	 cleared	 wild-
type	 (WT)	 and	 kat	 ovule	 primordia.	 The	 %	
indicate	the	frequency	of	ovules	showing	one	
SMC	 for	 WT	 primordia,	 or	 multiple	 SMC	
candidates	(dashed	lines)	for	kat		primordia.		
(D-E)	 Representative	 images	 and	
quantification	of	SMC	fate	markers	in	WT	and	
kat	primordia:	eviction	of	the	H1.1::H1.1-GFP	









quantifications	 are	 presented	 Figure	
supplement	 5	 and	 Source	 Data	 5.	 Magenta	
signal	in	(B)	and	(C):	Renaissance	SR2200	cell	
wall	 label.	 Scale	bars	 for	 (A):	5	 µm	 ;	 for	 (C),	
(D),	 (E),	 (F):	 10µm.	 n:	 number	 of	 ovules	
scored.	 Error	 bar:	 standard	 error	 of	 the	
mean.	 Differences	 between	 WT	 and	 kat	
genotypes	 were	 assessed	 using	 a	 Mann	
Whitney	 U	 test	 in	 (B),	 and	 a	 two-tailed	
Fischer’s	exact	test	 in	(C),	 (D),	 (E),	 and	(F).	P	
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Taken	 together,	 these	 results	 show	 that	 ectopic,	 abnormally	 enlarged	 SMC	 neighbors	 in	 kat	518	




Based	 on	 our	 analysis	 of	 kat	 primordia,	 it	 appeared	 that	 the	 frequency	 of	 ectopic	 SMC	523	
candidates	 was	 high	 at	 early	 stages	 but	 decreased	 over	 time	 (Figure	 5C).	 This	 is	 reminiscent	 of	 the	524	
phenotypic	 plasticity	 in	 SMC	 differentiation	 observed,	 to	 a	 lesser	 degree,	 in	 different	 Arabidopsis	525	
accessions	(Rodriguez-Leal	et	al.,	2015).	To	characterize	this	plasticity	during	development	we	analyzed	526	
1276	wild-type	primordia	 from	stage	0-II	 to	2-II	and	scored	 the	number	of	primordia	with	one	or	 two	527	
enlarged,	centrally	positioned,	subepidermal	cells	(class	A	and	B,	respectively,	Figure	6A-C).		In	the	wild	528	
type,	the	majority	of	ovules	showed	a	single	candidate	SMC	(class	A)	at	stage	0-II	but	27%	of	primordia	529	
(n=289)	had	 two	SMC	candidates	 (class	B),	 this	 frequency	decreasing	 to	3%	at	 stage	2-II	 (n=103).	This	530	
finding	is	consistent	with	~	5%	primordia	in	wild-type	at	stage	1-II	showing	H1.1-GFP	eviction	(n=43)	and	531	
KNU-YFP	 expression	 (n=88)	 in	 more	 than	 one	 cell,	 respectively	 (Figure	 5D-E).	 Thus,	 instead	 of	 being	532	
immediate,	 SMC	 singleness	 can	 arise	 from	 a	 progressive	 restriction	 of	 fate	 among	 several	 SMC	533	














Typical	 images	obtained	by	 tissue	 clearing	with	SMC	candidates	highlighted	 in	 yellow	 (A)	 and	plots	 showing	 the	546	
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cells	 in	 class	A	ovules,	 and	 in	 both	 SMC	 candidates	 in	 class	 B	 ovules.	Representative	 images	of	 ovule	 primordia	560	
showing	 the	 speckled	 S-phase	 pattern	 of	 the	 pPCNA1::PCNA1:sGFP	 reporter	 (green)	 (E).	 Magenta	 signal:	561	





and	 2-II	 (middle	 panel);	 and	 of	 the	 speckled	 S-phase	 pattern	 in	 neighbors	 cells	 (right	 panel).	 	 Quantification	 of	567	
speckled	 S-phase	 pattern	 in	 SMC	 candidates	 and	 neighbors	 in	 Phase	 II	 wild-type	 and	 katanin	 primordia	 (I).	568	
Representative	 images	and	quantifications	of	Phase	I	katanin	primordia	and	of	class	B	primodia	are	presented	in	569	
Figure	supplement	6F-H.	See	also	Figure	2H.		570	
(I)	 Model	 for	 the	 role	 of	 KATANIN	 in	 primordium	 growth	 and	 SMC	 differentiation	 (graphical	 abstract).	 In	 WT	571	
primordia,	SMC	differentiation	follows	a	developmental	canalization	process	influenced	by	cell	growth	anisotropy	572	
that	 shapes	 the	 primordium	 apex.	 In	 kat	mutants,	 reduced	 anisotropy	 modifies	 the	 cell	 proliferation	 pattern,	573	
enlarges	 the	 apex	 and	 the	 L2,L3	 apical	 domain,	 leading	 to	multiple	 SMC	 candidates	 (delayed	 canalization).	We	574	
propose	that	ovule	primordium	shape,	controlled	by	anisotropic	cell	growth,	determines	SMC	singleness.		575	
Images:	 scale	 bars	 :	 10um.	 Graphs:	 n=	 total	 number	 of	 ovules.	 Error	 bar:	 standard	 error	 of	 the	 mean	 (F,	 I).	576	
Differences	between	cell	 types,	domains,	or	genotypes	as	 indicated	 in	 the	graphs	were	assessed	using	Wilcoxon	577	




Next,	 we	 quantified	 class	 A	 and	 B	 primordia	 in	 kat	mutants	 by	 scoring	 2587	 ovules	 of	 three	582	
different	mutant	alleles	(Figure	6C,	Figure	supplement	6A).	Clearly,	plasticity	is	more	strongly	expressed	583	
with	42%	 (n=202)	 class	B	primordia	 at	 stage	 0-II	 in	kat	compared	 to	26%	 (n=289)	 in	 the	wild-type.	 In	584	
addition,	 the	 resolution	 process	 is	 delayed	 in	 kat	mutant	 primordia	 as	 up	 to	 33%	 class	 B	 primordia	585	
persist	 at	 stage	 1-II	 (n=113)	 compared	 to	 12%	 in	 the	 wild	 type	 (n=281).	 	 Consistently,	 the	 two	 SMC	586	
markers	 used	previously,	 clearly	 identify	 ectopic	 SMC	 candidates	 in	kat	 primordia	 at	 stage	 1-I	 (Figure	587	
supplement	 6B-C),	 and	 more	 significantly	 at	 stage	 1-II	 (28.5%	 ectopic	 eviction	 of	 H1.1-GFP	 and	 21%	588	




8%	 (n=25)	 and	 6.7%	 (n=74)	 of	 the	 primordia,	 respectively	 (Figure	 supplement	 5B-C).	 	 Therefore,	591	
molecular	 events	 associated	 with	 SMC	 fate	 are	 partially	 uncoupled	 from	 cell	 growth	 during	 the	592	
resolution	of	SMC	singleness	in	kat.		593	




al.,	2013).	We	compared	 the	nuclear	area	of	SMC	candidate	 to	 that	of	 surrounding	L1	and	L2	cells,	 in	598	
both	 class	 A	 and	 B	 primordia,	 at	 stages	 0-II	 and	 0-III.	 Wild-type	 class	 A	 and	 B	 primordia	 showed	 an	599	
enlarged	nucleus	 in	 the	candidate	SMCs	from	stage	0-II	onwards,	and	this	correlation	was	also	true	 in	600	
kat	primordia	(Figure	6D,	Figure	supplement	6D-E).		601	
It	 remains	however	difficult	 to	 resolve	 the	precise	 timing	of	SMC	establishment	at	 these	early	602	
stages	 due	 to	 the	 lack	 of	 molecular	 markers.	 Yet,	 we	 rationalized	 that	 we	 may	 distinguish	 the	 SMC	603	
candidates	from	their	neighbors	by	their	cell	cycle	pattern,	where	cells	entering	meiosis	may	engage	in	a	604	
specific	 S-phase	 compared	 to	 regularly	 cycling	mitotic	 cells.	 To	 this	 aim,	we	used	 a	GFP-tagged	PCNA	605	
variant	marking	 the	 replication	machinery,	 pPCNA1::PCNA1:sGFP	 (PCNA-GFP)	 (Yokoyama	et	 al.,	 2016).	606	
When	engaged	at	 active	 replication	 forks,	 PCNA-GFP	 shows	nuclear	 speckles	 characteristic	 of	 S-phase	607	
(Strzalka	et	al.,	2011).	During	G1/G2,	it	remains	in	the	nucleoplasm;	and	is	undetectable	in	M-phase.	We	608	
specifically	quantified	the	distribution	patterns	of	PCNA-GFP	 in	cells	 from	the	L2	apical	domain	 in	wild	609	
type	and	kat	primordia,	separately	for	class	A	and	B	ovules	(Figure	6E-H).	In	Phase	I	wild-type	primordia,	610	
PCNA-GFP	was	always	detectable,	 in	both	classes,	 indicating	that	L2	apical	cells	are	rarely	 in	M-phase,	611	
consistent	with	the	seldom	detection	of	mitoses	using	CYCB1.1db-GFP.	We	observed	an	S-phase	pattern	612	
consistently	 in	 one	 (Class	 A)	 or	 more	 (Class	 B),	 centrally	 positioned	 L2	 apical	 cells,	 presumably	613	
corresponding	 to	 SMC	 candidates	 (Figure	 6E).	 This	 pattern	 was	 captured	 in	 a	 large	 proportion	 of	614	
primordia	at	stage	0-II	and	0-III:	~24%	(n=112)	and	~40%	(n=79)	respectively	for	class	A;	30%	(n=41)	and	615	
28%	(n=60)	 for	Class	B,	 respectively	 (Figure	6F).	Such	high	 frequencies	could	be	generated	either	by	a	616	
slow	S-phase	in	SMCs	candidate	only	(the	persistence	of	the	marker	increasing	the	probability	to	score	it	617	
repeatedly	 in	 our	 sample	 size),	 or	 by	 a	 regular	 (short)	 mitotic	 S-phase	 in	 a	 high	 number	 of	 SMC	618	
candidates.	The	low	detection	frequency	of	the	mitotic	marker	CYCB1.1db-GFP	in	SMC	candidates	allow	619	
rejecting	 the	 latter	possibility.	Thus,	 the	 likeliest	 interpretation	 is	 that	candidate	SMCs	enter	a	slow	S-620	
phase	from	early	stages	onwards,	probably	meiotic,	although	this	cannot	be	assessed	with	this	marker.	621	







A	 and	 B	 primordia	 (96,6%	 on	 average,	 over	 all	 Phase	 II)	 (Figure	 6G-H,	 Figure	 supplement	 6G-H)	 in	627	
agreement	with	the	presence	of	newly	replicated	DNA	at	stage	1-I	 (She	et	al.,	2013).	By	contrast	with	628	
Phase	 I,	 however,	 S-phase	 is	 now	 detected	 in	 SMC	 neighbors	 (~21%	 at	 stage	 1-II)	 (Figure	 6G-H)	629	















orchestrated	 by	 biochemical	 and	 mechanical	 cues	 (Echevin	 et	 al.,	 2019).	 How	 cell	 differentiation	 is	645	
coordinated	 in	space	and	time	during	organ	growth	and	whether	 these	processes	are	 interrelated	are	646	
central	 aspects	 for	 the	 elucidation	 of	 patterning	 principles	 (Whitewoods	 et	 al.,	 2017).	 The	 female	647	
germline	 is	 initiated	with	 SMC	 differentiation	 in	 the	 ovule	 primordium.	 The	 SMC	 emerges	 as	 a	 large,	648	
elongated	subepidermal	cell	that	is	centrally	located	at	the	apex	of	the	primordium,	a	digit-shaped	organ	649	
emerging	 from	 the	 placenta.	 To	 study	 how	 SMC	 fate	 relates	 to	 ovule	 organogenesis,	we	 generated	 a	650	
reference	collection	of	images	capturing	ovule	primordium	development	at	cellular	resolution	in	3D		and	651	






reason,	we	developed	 continuous	 and	 cell-based	2D	 simulations	of	 primordium	growth.	 The	different	656	
simulations	 revealed	 key	 growth	 principles	 shaping	 the	 ovule	 primordium	 and	 uncovered	 differential	657	
roles	 for	 the	 epidermis	 and	 inner	 layers.	Notably,	 an	 inner	 tissue-driven	 growth	model,	where	 the	 L1	658	
also	 contributes	 expansion	 of	 the	 primordium,	 best	 described	 ovule	 primordium	 growth.	 This	 is	659	
reminiscent	 of	 the	 possible	model	 describing	 leaf	 primordium	emergence	 (Peaucelle	 et	 al.,	 2011)	 .	 In	660	
addition,	 best-fit	 models	 produced	 by	 both	 cell-based	 and	 FEM	 simulations	 predicted	 a	 growth-661	
promoting	 signal	 in	 a	 confined	 domain	 along	 a	 vertical	 stripe	 	 at	 primordium	 emergence.	 Candidates	662	
growth	signals	are	phytohormones,	peptides,	and	small	RNAs	known	to	affect	ovule	primordium	growth	663	
(Kawamoto	et	al.,	2020;	Pinto	et	al.,	2019;	Su	et	al.,	2020).	The	domain	of	auxin	response	restricted	in	664	
the	 	 L1	 dome	 and	 of	 cytokinin	 signaling	 localized	 in	 a	 region	 basal	 to	 the	 SMC	 in	 Phase	 II	 primordia	665	
(Bencivenga	 et	 al.,	 2012)	 also	 suggest	 a	 confined	 growth	 signal.	 Whether	 the	 signaling	 domains	 are	666	
established	 already	 in	 Phase	 I	 and	 plays	 a	 causative	 role	 in	 primordium	 patterning	 remains	 to	 be	667	
determined.	 The	 epidermis,	 by	 contrast,	 is	 predicted	 to	 play	 a	 key	 role	 in	 accommodating	 the	668	
constraints	generated	by	inner-tissue	growth.	In	this	layer,	passive	strain-based	growth	and	anisotropic	669	
material	 properties	 possibly	 resolve	 mechanical	 conflicts	 arising	 between	 tissue	 layers	 that	 grow	 at	670	
different	rates	(Hervieux	et	al.,	2017).		In	line	with	this	hypothesis,	we	observed	frequent	divisions	in	L1	671	
apical	cells	in	vivo	that	support	the	expansion	of	the	epidermis	while	inner-tissues	develop.			672	
Interestingly,	while	our	models	did	 initially	not	contain	an	a	priori	 rule	 to	produce	 the	 typical,	673	
elongated	 shape	of	 the	SMC,	 it	emerged	consistently	as	a	 trapezoidal-shaped	L2	cell	 in	 the	cell-based	674	
reference	model.	 This	 shape	 likely	 emerges	 from	 the	 combination	of	 assigned	anisotropic	 cell	 growth	675	
and	 geometrical	 constraints	 imposed	 by	 the	 surrounding	 growing	 tissues.	 Explicitly	 blocking	 SMC	676	
division	during	the	simulation	not	only	enabled	its	expansion	as	expected,	but	also	pushed	surrounding	677	
cells	and	strongly	deformed	ovule	morphology.	Thus,	ovule	growth	homeostasis	in	vivo	likely	requires	a	678	
mechanism	 to	 accommodate	 the	 differential	 growth	 of	 the	 SMC.	 A	 gradual	 reduction	 of	 SMC	 turgor	679	
pressure	 is	 a	 plausible	 scenario	 that	 would	 limit	 SMC	 size	 and	 prevent	 overriding	 the	 constraints	680	









the	 geometry	 of	 the	 ovule	 primordium.	 Primordia	 of	 the	 katanin	 (kat)	 mutant,	 deficient	 in	 the	688	




parsimonious	 hypothesis	 is	 that	 the	 altered	 geometry	 in	 kat	 primordia	 expands	 the	 domain	 of	 cells	693	
competent	to	form	SMCs.	Yet,	we	cannot	exclude	a	direct	effect	of	the	kat	mutation	on	L2	apical	cells,	694	
disconnected	 from	organ	geometry,	which	would	 induce	de	novo	SMC	 fate.	However,	 this	 scenario	 is	695	
unlikely	because	we	would	expect	 increased	cell	growth	and	slower	mitoses	(Luptovciak,	Komis,	et	al.,	696	





mechanical	 constraints	 in	 the	 tissue	 acting	 from	primordia	 emergence	onwards,	 lead	 to	 divisions	 and	702	
patterning	alterations	expanding	the	domain	of	cells	competent	for	SMC	fate.	This	working	model	paves	703	
the	way	 to	explore	 the	 role	of	 the	epidermis	geometry	 in	controlling	 regulators	of	 cell	 cycle	and	SMC	704	
fate	in	L2	apical	cells.	This	is	reminiscent	to	the	shoot	apical	meristem	epidermis	acting	on	dome	shape	705	
and	 stem	 cells	 regulators	 in	 underlying	 layers	 (Gruel	 et	 al.,	 2016;	 Savaldi-Goldstein	 et	 al.,	 2007).	 The	706	















and	 nucleus	 size	 and	 an	 elongated	 shape	 aligned	 with	 the	 primordium	 growth	 axis.	 Collectively,	 we	720	
found	 that	 SMC	 characteristics	 are	 established	 much	 earlier	 than	 previously	 thought,	 i.e.	 soon	 after	721	
primordium	emergence	(stages	0-II	/0-III).	Moreover,	these	characteristics	frequently	arise	in	more	than	722	









the	 examples	 of	 a	 canalization	 process	 at	 the	 level	 of	 a	 cellular	 domain,	 in	 the	 Arabidopsis	 ovule	732	
primordium.	While	 L2	 apical	 cells	 initially	 share	 the	 competence	 to	 form	 SMC	 candidates,	 leading	 to	733	
plasticity	at	SMC	emergence,	the	progressive	restriction	of	cell	fate	possibilities	in	the	primordium	apex	734	
ultimately	leads	to	only	one	SMC	committed	to	meiosis.	Our	results	are	in	line	with	a	formerly	proposed	735	
canalization	process	 operating	during	 SMC	establishment	 (Grossniklaus	 et	 al.,	 1998;	 Rodriguez-Leal	 et	736	
al.,	2015).	Despite	the	fact	that	several	mutations	(Pinto	et	al.,	2019;	Mendes	et	al.,	2020),	including	kat	737	
(this	 study),	 alter	 SMC	 singleness,	 canalization	 remains	 a	 robust	 process	 securing	 the	 formation	 of	 a	738	
single	 embryo	 sac	 for	 most	 of	 these	 genetic	 perturbations	 in	 Arabidopsis.	 How	 this	 developmental	739	
mechanism	 buffers	 phenotypic	 inter-individual	 variations	 and	 whether	 it	 is	 evolutionary	 constrained	740	
remains	to	be	determined.	741	




resolution	 is	 associated	 with	 re-entry	 in	 a	 somatic	 cell	 cycle	 (this	 study),	 and	 re-incorporation	 of	 a	746	
replicative	histone	H3.1	(Hernandez-Lagana	et	al.,	2020)	of	initial	candidates	neighboring	the	SMC.	How	747	
known	epigenetic	and	 signaling	 factors	 interplay	 to	 secure	SMC	singleness	 remains	 to	be	determined.	748	





single	 SMC.	 In	 this	 conceptual	 framework,	 kat	 increases	 plasticity	 and	 delays	 the	 resolution	 process	752	
towards	SMC	singleness	(working	model	Figure	6I).		753	
Altogether	our	work	proposes	a	conceptual	 framework	 linking	organ	geometry,	cell	shape	and	754	
cell	 fate	 acquisition	 in	 the	 ovule	 primordium,	 potentially	 of	 broader	 relevance	 in	 plant	 patterning.	 In	755	
addition,	 the	 image	 resource	 published	 in	 this	 study	 is	 complementary	 to	 others	 capturing	 ovule	756	
development	at	later	stages	(Lora	et	al.,	2017;	Vijayan	et	al.,	2020).	It	also	populates	a	growing	number	757	







Materials and Methods 763	
Key	Resources	Table	764	
REAGENT or RESOURCE SOURCE IDENTIFIER 
Chemicals 






Propidium Iodide (mPS-PI staining solution) Sigma- Aldrich Catalog # P4170  
Sodium metabisulphite (mPS-PI staining 
solution) 
Sigma- Aldrich Catalog # S9000 / PubChem: 329824616 
Deposited Data 
Images dataset 3D segmentation ovule 
primordium wild-type (Col-0, Ws-4) and 
katanin mutant (bot1-7 allele) 
This paper, submission 
to IDR repository 
underway 
https://idr.openmicroscopy.org/ 
Experimental Models: Organisms/Strains 
Arabidopsis thaliana, ecotype Col-0  NASC NASC ID: N22625 
Arabidopsis thaliana, ecotype Ws-4  NASC NASC ID: N5390 
Arabidopsis thaliana, bot1-7 mutant H.Höfte, (Bichet et al., 
2001) 
 
Arabidopsis thaliana, mad5 mutant O.Voinnet (Brodersen 
et al., 2008) 
 
Arabidopsis thaliana, lue1 mutant (Bouquin et al., 2003); 
NASC 
NASC ID: N57954 
Arabidopsis thaliana,  
promCYCB1.1::CYCB1.1db-GFP 
M.Bennett (Ubeda-
Tomas et al., 2009) 
 
Arabidopsis thaliana,   
promH1.1::H1.1-GFP  
(She et al., 2013)  
Arabidopsis thaliana,  
promKNU::nls-YFP 
M.Tucker (Tucker et 
al., 2012) 
 
Arabidopsis thaliana,   
promAtDMC1::AtDMC1-GUS 
I.Siddiqi (Klimyuk et al., 
1997) 
 
Arabidopsis thaliana,  
promWOX2::CenH3-GFP 
N.DeStorme (De 
Storme et al., 2016) 
 
Arabidopsis thaliana,  
promPCNA1::PCNA1-GFP 
S. Matsunaga 
(Yokoyama et al., 
2016) 
 
Software and Algorithms 
IMARIS Cell Bitplane, AG https://imaris.oxinst.com/ 
ExportImarisCells, plugin for IMARIS This paper https://github.com/barouxlab/ExportImaris
Cells 
MorphoGraphX Freely available http://www.mpipz.mpg.de/MorphoGraphX 














OvuleViz, R-based data plotting interface This paper https://github.com/barouxlab/OvuleViz 
R / RStudio Freely available https://www.r-project.org/ 
http://www.rstudio.com/. 
OMERO Freely available https://www.openmicroscopy.org/omero/ 






growth	 room.	 Columbia	 (Col-0)	 and	 Wassileskija	 (Ws-4)	 accessions	 were	 used	 as	 wild-type	 controls	768	
depending	on	the	mutant	background	used	in	the	experiment.	Three	katanin	alleles	were	used:	bot1-7	769	
(Bichet	et	 al.,	 2001)	 in	Ws-4	accession,	 lue1	 (Bouquin	et	 al.,	 2003)	 and	mad5	 (Brodersen	et	 al.,	 2008)	770	
both	in	the	Columbia	(Col-0)	accession.	Homozygous	mutant	individuals	for	all	the	katanin	alleles	were	771	
identified	on	the	basis	of	 their	 recessive	vegetative	phenotype.	The	 following	published	markers	were	772	
used:	pCYCB1.1:db-GFP	(Ubeda-Tomas	et	al.,	2009),	pKNU:nls:YFP	(Tucker	et	al.,	2012),	pH1.1:H1.1:GFP	773	
(She	et	al.,	2013),	AtPCNA1:sGFP	(Yokoyama	et	al.,	2016),	pAtDMC1:GUS	(Agashe	et	al.,	2002;	Klimyuk	et	774	




providing	 excellent	 optical	 transparency	 for	 3D	 imaging	 in	 depth	 in	 whole-mount.	 We	 described	779	
previously	 the	 manipulation,	 staining,	 mounting	 of	 the	 flower	 carpels	 and	 imaging	 procedures	780	
(Mendocilla-Sato,	2017).	Cell-boundary	based	image	segmentation	was	done	using	ImarisCell	(Bitplane)	781	
as	described	 in	details	previously	 (Mendocilla-Sato,	2017).	 	Each	ovule	was	manually	 labelled	 in	 Imaris	782	
using	customized	Cell	Labels	for	the	different	cell	types	and	domains	colored	as	shown	in	Figure	1.	We	783	
defined	the	labels	as	follows:		784	




















Ovule	development	 is	described	according	to	a	well-accepted	nomenclature	 (Schneitz,	1995).	The	 first	803	
stage,	initially	defined	as	stage	1-I,	indistinctly	grouped	primordia	from	emergence	until	digit	shape.	To	804	
enable	describing	early	morphogenetic	processes,	however,	we	propose	 to	 (i)	 restrict	 stage	1-I	 to	 the	805	
final	digit	shape	stage	and	(ii)	subdivide	preceding	stages	as	stages	0-I,	0-II	and	0-III,	as	shown	in	Figure	806	





based	 data	 plotting	 interface,	 OvuleViz,	 reading	 the	 Imaris-derived	 data	 within	 the	 exported	 files	812	
ordered	 by	 genotype	 then	 stages	 (Figure	 supplement	 1).	 OvuleViz	 is	 freely	 available	 at	813	
https://github.com/barouxlab/OvuleViz,	and	is	based	on	a	shiny	interface	for	R.	OvuleViz	allows	plotting	814	




Ovule	 volume	 and	 shape	 were	 quantified	 on	 3D	 segmentations	 using	 IMARIS	 software,	 to	 compare	819	
katanin	and	wild-type	genotypes.	For	each	ovule,	all	segmented	labeled	cells	were	duplicated	and	fused	820	
as	 a	 single	 cell	 object.	 The	 ImarisCell’	 Statistics	 function	 was	 used	 to	 retrieve	 “cell	 volume”	 and	821	












50%	 ethanol;	 in	 a	 5:5:90	 volume	 ratio)	 for	 at	 least	 24h	 at	 room	 temperature.	 After	 fixation,	 samples	832	
were	 washed	 two	 times	 with	 100%	 ethanol	 and	 stored	 in	 70%	 ethanol.	 Gynoecia	 of	 0.2–0.6	 mm	 in	833	
length	 were	 removed	 from	 the	 flowers	 with	 fine	 needles	 (1	 mm	 insulin	 syringes),	 cleared	 in	 Herr’s	834	
solution	 (phenol	 :	 chloral	 hydrate:	 85%	 lactic	 acid	 :	 xylene:	 clove	 oil	 in	 1:1:1:0,5:1	 proportions),	 and	835	
observed	by	differential	 interference	contrast	microscopy	using	a	Zeiss	Axioimager	Z2	microscope	and	836	
40X	or	60X	oil	immersion	lenses.	Picture	were	acquisition	was	done	with	a	sCMOS	camera	(Hamamatsu	837	
ORCA	Flash	V2).	Nuclei	 area	measurements	were	 carried	out	with	 ImageJ	 software,	using	 the	manual	838	
contour	tool	“Oval”.		839	
Fluorescence	microscopy	and	quantifications.		840	
Imaging	 of	 ovule	 primordia	 stained	 in	 whole-mount	 for	 cell	 boundary	 was	 done	 as	 described	841	
(Mendocilla-Sato,	2017)	using	a	laser	scanning	confocal	microscope	Leica	LCS	SP8	equipped	with	a	63X	842	
glycerol	immersion	objective	and	HyD	detectors.	843	
Imaging	of	 the	GFP	and	YFP	markers	was	performed	using	a	 laser	 scanning	confocal	microscope	Leica	844	
LCS	SP8	equipped	using	a	63X	oil	immersion	objective	and	HyD	detectors.	Samples	were	mounted	in	5%	845	
glycerol	with	 the	 cell	wall	 dye	 Renaissance	 2200	 (SR2200)	 diluted	 1/2000.	 The	 following	wavelengths	846	
were	 used	 for	 fluorescence	 excitation	 and	 detection:	 Renaissance:	 excitation	 405nm,	 and	 detection	847	
415–476	nm;	GFP:	 excitation	488m	and	detection	493-550	nm;	 YFP:	 	 excitation	514nm	and	detection	848	
590-620nm.	Channels	contrast	and	intensity	were	adjusted	using	ImageJ	or	OMERO.		849	
The	mitotic	activity	in	both	wild-type	and	katanin	ovules	was	quantified	by	scoring	the	cells	expressing	850	












Gynoecia	 of	 0.4–0.6	 mm	 in	 length	 were	 removed	 from	 the	 flowers	 with	 fine	 needles	 and	 placed	 in	861	
staining	solution,	using	high	stringency	conditions	for	ferro-	and	ferricyanide	concentrations	to	limit	GUS	862	
product	diffusion	(0.1%	Triton	X-100,	10	mM	EDTA,	5	mM	ferrocyanide,	5	mM	ferricyanide	and	20mg/ml	863	
5	 -bromo-4-chloro-3-indolyl-beta-d-glucuronic	 acid	 cyclohexyl-ammonium	 salt	 (X-gluc,	 Biosynth	 AG,	864	
Staad,	CH)	 in	50	mM	phosphate	buffer),	 for	96h	at	37°C.	After	staining,	 the	samples	were	mounted	 in	865	








composition	 of	 the	 centred	 and	 scaled	 data	 matrix.	 Data	 entries	 with	 missing	 values	 were	 removed	874	





was	not	possible	 to	assess	properly	 (as	 small	 samples	most	often	pass	normality	 tests),	 thus	we	used	880	
non	 parametric	 tests.	Wilcoxon	 Signed-Rank	 two-tailed	 test	 was	 used	 for	 paired	 quantifications,	 and	881	
Mann	Whitney	U	two-tailed	test	was	used	for	unpaired	quantifications.	Tests	were	performed	in	Excel	or	882	
in	R	(wilcox.test	function).	To	compare	ovule	proportions,	we	used	two-tailed	Fischer’s	Exact	test,	using	883	






























Recherche/Swiss	 National	 Science	 Foundation	 (#ANR-16-CE93-0002)	 to	 CB	 and	 DA;	 grants	 from	 the	912	
Swiss	 National	 Science	 Foundation	 (#	 310030B_160336	 to	 UG,	 #	 IZCOZ0_182949	 to	 CB),	 from	 the	913	
Commission	for	Technology	and	Innovation	(CTI	grant	#16997)	to	CB,	from	the	Baugarten	Stiftung	Zürich	914	








Agashe,	B.,	 Prasad,	C.	 K.,	&	 Siddiqi,	 I.	 (2002).	 Identification	and	analysis	of	DYAD:	 a	 gene	 required	 for	921	




Bajon,	 C.	 H.,	 C.;	 Motomayor,	 J.C.;	 Sauvanet,	 A.;	 Robert	 D.	 (1999).	 Megasporogenesis	 in	 Arabidopsis	926	
thaliana	 L.:	 an	 ultrastructural	 study.	 Sexual	 Plant	 Reproduction,	 12(2),	 99-109.	927	
doi:10.1007/s004970050178	928	
Barbier	de	Reuille,	P.,	Routier-Kierzkowska,	A.	L.,	Kierzkowski,	D.,	Bassel,	G.	W.,	Schupbach,	T.,	Tauriello,	929	
G.,	 Bajpai,	 N.,	 Strauss,	 S.,	 Weber,	 A.,	 Kiss,	 A.,	 Burian,	 A.,	 Hofhuis,	 H.,	 Sapala,	 A.,	 Lipowczan,	 M.,	930	
Heimlicher,	 M.	 B.,	 Robinson,	 S.,	 Bayer,	 E.	 M.,	 Basler,	 K.,	 Koumoutsakos,	 P.,	 Roeder,	 A.	 H.,	 Aegerter-931	
Wilmsen,	T.,	Nakayama,	N.,	Tsiantis,	M.,	Hay,	A.,	Kwiatkowska,	D.,	Xenarios,	I.,	Kuhlemeier,	C.,	&	Smith,	932	




modulate	 growth	 patterns	 in	 the	 Arabidopsis	 embryo.	Proc	Natl	 Acad	 Sci	 U	 S	 A,	 111(23),	 8685-8690.	937	
doi:10.1073/pnas.1404616111	938	





Bichet,	 A.,	 Desnos,	 T.,	 Turner,	 S.,	 Grandjean,	O.,	&	Hofte,	 H.	 (2001).	 BOTERO1	 is	 required	 for	 normal	944	
orientation	 of	 cortical	microtubules	 and	 anisotropic	 cell	 expansion	 in	Arabidopsis.	Plant	 J,	 25(2),	 137-945	
148.	doi:10.1046/j.1365-313x.2001.00946.x	946	
Boudon,	 F.,	 Chopard,	 J.,	 Ali,	 O.,	 Gilles,	 B.,	 Hamant,	 O.,	 Boudaoud,	 A.,	 Traas,	 J.,	 &	 Godin,	 C.	 (2015).	 A	947	
computational	framework	for	3D	mechanical	modeling	of	plant	morphogenesis	with	cellular	resolution.	948	
PLoS	Comput	Biol,	11(1),	e1003950.	doi:10.1371/journal.pcbi.1003950	949	
Bouquin,	 T.,	Mattsson,	 O.,	 Naested,	 H.,	 Foster,	 R.,	 &	Mundy,	 J.	 (2003).	 The	 Arabidopsis	 lue1	mutant	950	




Bozorg,	B.,	Krupinski,	P.,	&	 Jonsson,	H.	 (2016).	A	 continuous	growth	model	 for	plant	 tissue.	Phys	Biol,	955	
13(6),	065002.	doi:10.1088/1478-3975/13/6/065002	956	
Brodersen,	P.,	Sakvarelidze-Achard,	L.,	Bruun-Rasmussen,	M.,	Dunoyer,	P.,	Yamamoto,	Y.	Y.,	Sieburth,	L.,	957	





Arabidopsis	 ICK/KRP	 cyclin-dependent	 kinase	 inhibitors	 function	 to	 ensure	 the	 formation	 of	 one	963	
38	
	
megaspore	 mother	 cell	 and	 one	 functional	 megaspore	 per	 ovule.	 PLoS	 Genet,	 14(3),	 e1007230.	964	
doi:10.1371/journal.pgen.1007230	965	





for	 gametophytic	 and	 somatic	 ploidy	 determination	 in	 Arabidopsis	 thaliana.	 BMC	 Plant	 Biol,	 16,	 1.	971	
doi:10.1186/s12870-015-0700-5	972	
Echevin,	 E.,	 Le	 Gloanec,	 C.,	 Skowronska,	 N.,	 Routier-Kierzkowska,	 A.	 L.,	 Burian,	 A.,	 &	 Kierzkowski,	 D.	973	
(2019).	Growth	and	biomechanics	of	shoot	organs.	J	Exp	Bot,	70(14),	3573-3585.	doi:10.1093/jxb/erz205	974	












Hallgrimsson,	 B.,	 Green,	 R.	 M.,	 Katz,	 D.	 C.,	 Fish,	 J.	 L.,	 Bernier,	 F.	 P.,	 Roseman,	 C.	 C.,	 Young,	 N.	 M.,	987	






Hernandez-Lagana,	 E.,	 &	 Autran,	 D.	 (2020).	 H3.1	 Eviction	 Marks	 Female	 Germline	 Precursors	 in	994	
Arabidopsis.	Plants	(Basel),	9(10).	doi:10.3390/plants9101322	995	
Hervieux,	N.,	Dumond,	M.,	Sapala,	A.,	Routier-Kierzkowska,	A.	L.,	Kierzkowski,	D.,	Roeder,	A.	H.,	Smith,	R.	996	
S.,	 Boudaoud,	 A.,	 &	Hamant,	 O.	 (2016).	 A	Mechanical	 Feedback	 Restricts	 Sepal	 Growth	 and	 Shape	 in	997	
Arabidopsis.	Curr	Biol.	doi:10.1016/j.cub.2016.03.004	998	






Huang,	 B.	 Q.	 R.,	 S.D.	 (1992).	 Female	 Germ	 Unit:	 Organization,	 Isolation,	 and	 Function.	 International	1005	
Review	of	Cytology,	140,	233-293.	doi:10.1016/S0074-7696(08)61099-2	1006	
Kawamoto,	N.,	Del	Carpio,	D.	P.,	Hofmann,	A.,	Mizuta,	Y.,	Kurihara,	D.,	Higashiyama,	T.,	Uchida,	N.,	Torii,	1007	
K.	U.,	 Colombo,	 L.,	Groth,	G.,	&	 Simon,	 R.	 (2020).	 A	 Peptide	Pair	 Coordinates	Regular	Ovule	 Initiation	1008	





combinatorial	 interactions	 between	 tissue	 polarity	 and	 growth.	 PLoS	 Comput	 Biol,	 7(6),	 e1002071.	1012	
doi:10.1371/journal.pcbi.1002071	1013	
Kimble,	 J.	 (2011).	Molecular	 regulation	of	 the	mitosis/meiosis	decision	 in	multicellular	organisms.	Cold	1014	
Spring	Harb	Perspect	Biol,	3(8),	a002683.	doi:10.1101/cshperspect.a002683	1015	












(2020).	 Cellular	Heterogeneity	 in	 Pressure	 and	Growth	 Emerges	 from	Tissue	 Topology	 and	Geometry.	1028	
Curr	Biol,	30(8),	1504-1516	e1508.	doi:10.1016/j.cub.2020.02.027	1029	
Lora,	 J.,	 Herrero,	M.,	 Tucker,	M.	 R.,	 &	Hormaza,	 J.	 I.	 (2017).	 The	 transition	 from	 somatic	 to	 germline	1030	




Luptovciak,	 I.,	 Komis,	 G.,	 Takac,	 T.,	 Ovecka,	 M.,	 &	 Samaj,	 J.	 (2017).	 Katanin:	 A	 Sword	 Cutting	1035	




Mendes,	 M.	 A.,	 Petrella,	 R.,	 Cucinotta,	 M.,	 Vignati,	 E.,	 Gatti,	 S.,	 Pinto,	 S.	 C.,	 Bird,	 D.	 C.,	 Gregis,	 V.,	1040	





Mosca,	G.	A.,	M.;	 Strauss,	 S.;	Runions,	R.;	 Sapala,	A.;	 Smith,	R.S.	 (2018).	Modeling	plant	 tissue	growth	1046	
and	cell	division	Mathematical	Modelling	in	Plant	Biology	(pp.	107-138):	Springer,	Cham.	1047	
Nonomura,	 K.,	Miyoshi,	 K.,	 Eiguchi,	M.,	 Suzuki,	 T.,	Miyao,	 A.,	 Hirochika,	 H.,	 &	 Kurata,	 N.	 (2003).	 The	1048	
MSP1	gene	is	necessary	to	restrict	the	number	of	cells	entering	into	male	and	female	sporogenesis	and	1049	
to	initiate	anther	wall	formation	in	rice.	Plant	Cell,	15(8),	1728-1739.	doi:10.1105/tpc.012401	1050	
Olmedo-Monfil,	 V.,	 Duran-Figueroa,	 N.,	 Arteaga-Vazquez,	 M.,	 Demesa-Arevalo,	 E.,	 Autran,	 D.,	1051	
Grimanelli,	D.,	Slotkin,	R.	K.,	Martienssen,	R.	A.,	&	Vielle-Calzada,	J.	P.	(2010).	Control	of	female	gamete	1052	
formation	 by	 a	 small	 RNA	 pathway	 in	 Arabidopsis.	 Nature,	 464(7288),	 628-632.	1053	
doi:10.1038/nature08828	1054	


















epigenetic	 pathways	 affects	 the	 specification	 of	 female	 gamete	 precursors	 in	 Arabidopsis.	 Plant	 Cell,	1071	
27(4),	1034-1045.	doi:10.1105/tpc.114.133009	1072	
Rodriguez,	 E.	 K.,	 Hoger,	 A.,	 &	McCulloch,	 A.	 D.	 (1994).	 Stress-dependent	 finite	 growth	 in	 soft	 elastic	1073	
tissues.	J	Biomech,	27(4),	455-467.	doi:10.1016/0021-9290(94)90021-3	1074	
Royer,	 C.,	 Leonavicius,	 K.,	 Kip,	 A.,	 Fortin,	 D.,	 Nandi,	 K.,	 Vincent,	 A.,	 Jones,	 C.,	 Child,	 T.,	 Coward,	 K.,	1075	
Graham,	C.,	&	Srinivas,	S.	(2020).	Establishment	of	a	relationship	between	blastomere	geometry	and	YAP	1076	
localisation	during	compaction.	Development,	147(19).	doi:10.1242/dev.189449	1077	
Savaldi-Goldstein,	 S.,	 Peto,	 C.,	&	Chory,	 J.	 (2007).	 The	 epidermis	 both	drives	 and	 restricts	 plant	 shoot	1078	
growth.	Nature,	446(7132),	199-202.	doi:10.1038/nature05618	1079	
Scharloo.	 (1991).	 Canalization:	 Genetic	 and	 Developmental	 Aspects.	 Annual	 Review	 of	 Ecology	 and	1080	
Systematics,	22,	65-93.	doi:10.1146/annurev.es.22.110191.000433	1081	
Schmidt,	A.,	Schmid,	M.	W.,	&	Grossniklaus,	U.	(2015).	Plant	germline	formation:	common	concepts	and	1082	





Schneitz,	 K.	 H.	 M.	 P.	 R.	 E.	 (1995).	 Wild-type	 ovule	 development	 in	 Arabidopsis	 thaliana:	 a	 light	1088	
microscope	 study	 of	 cleared	 whole-mount	 tissue.	 Plant	 Journal,	 7(5),	 731-749.	 doi:10.1046/j.1365-1089	
313X.1995.07050731.x	1090	
She,	W.,	Grimanelli,	D.,	Rutowicz,	 K.,	Whitehead,	M.	W.,	 Puzio,	M.,	 Kotlinski,	M.,	 Jerzmanowski,	A.,	&	1091	
Baroux,	C.	 (2013).	Chromatin	 reprogramming	during	 the	somatic-to-reproductive	cell	 fate	 transition	 in	1092	
plants.	Development,	140(19),	4008-4019.	doi:10.1242/dev.095034	1093	
Sheridan,	W.	 F.,	 Avalkina,	 N.	 A.,	 Shamrov,	 II,	 Batygina,	 T.	 B.,	 &	Golubovskaya,	 I.	 N.	 (1996).	 The	mac1	1094	
gene:	controlling	the	commitment	to	the	meiotic	pathway	in	maize.	Genetics,	142(3),	1009-1020.		1095	
Sheridan,	W.	 F.,	 Golubeva,	 E.	 A.,	 Abrhamova,	 L.	 I.,	 &	 Golubovskaya,	 I.	 N.	 (1999).	 The	mac1	mutation	1096	









Su,	Z.,	Wang,	N.,	Hou,	Z.,	 Li,	B.,	 Li,	D.,	 Liu,	Y.,	Cai,	H.,	Qin,	Y.,	&	Chen,	X.	 (2020).	Regulation	of	Female	1104	






High-resolution	 whole-mount	 imaging	 of	 three-dimensional	 tissue	 organization	 and	 gene	 expression	1111	
enables	 the	 study	 of	 Phloem	development	 and	 structure	 in	 Arabidopsis.	Plant	 Cell,	 20(6),	 1494-1503.	1112	
doi:10.1105/tpc.107.056069	1113	
Tucker,	M.	R.,	Okada,	T.,	Hu,	Y.,	Scholefield,	A.,	Taylor,	 J.	M.,	&	Koltunow,	A.	M.	 (2012).	Somatic	small	1114	
RNA	 pathways	 promote	 the	 mitotic	 events	 of	 megagametogenesis	 during	 female	 reproductive	1115	
development	in	Arabidopsis.	Development,	139(8),	1399-1404.	doi:10.1242/dev.075390	1116	
Ubeda-Tomas,	 S.,	 Federici,	 F.,	 Casimiro,	 I.,	 Beemster,	 G.	 T.,	 Bhalerao,	 R.,	 Swarup,	 R.,	 Doerner,	 P.,	1117	













Wightman,	 R.,	 Chomicki,	 G.,	 Kumar,	 M.,	 Carr,	 P.,	 &	 Turner,	 S.	 R.	 (2013).	 SPIRAL2	 determines	 plant	1131	
microtubule	 organization	 by	 modulating	 microtubule	 severing.	 Curr	 Biol,	 23(19),	 1902-1907.	1132	
doi:10.1016/j.cub.2013.07.061	1133	
Wolny,	A.,	Cerrone,	L.,	Vijayan,	A.,	Tofanelli,	R.,	Barro,	A.	V.,	Louveaux,	M.,	Wenzl,	C.,	Strauss,	S.,	Wilson-1134	






generates	 ordered	 cortical	 microtubule	 arrays	 in	 Arabidopsis.	 Curr	 Biol,	 23(21),	 2191-2195.	1141	
doi:10.1016/j.cub.2013.09.018	1142	
Zhao,	 X.,	 Bramsiepe,	 J.,	 Van	 Durme,	 M.,	 Komaki,	 S.,	 Prusicki,	 M.	 A.,	 Maruyama,	 D.,	 Forner,	 J.,	1143	
Medzihradszky,	A.,	Wijnker,	E.,	Harashima,	H.,	Lu,	Y.,	Schmidt,	A.,	Guthorl,	D.,	Logrono,	R.	S.,	Guan,	Y.,	1144	
Pochon,	G.,	Grossniklaus,	U.,	Laux,	T.,	Higashiyama,	T.,	Lohmann,	J.	U.,	Nowack,	M.	K.,	&	Schnittger,	A.	1145	
(2017).	 RETINOBLASTOMA	 RELATED1	 mediates	 germline	 entry	 in	 Arabidopsis.	 Science,	 356(6336).	1146	
doi:10.1126/science.aaf6532	1147	
Zhao,	X.,	de	Palma,	J.,	Oane,	R.,	Gamuyao,	R.,	Luo,	M.,	Chaudhury,	A.,	Herve,	P.,	Xue,	Q.,	&	Bennett,	J.	1148	
(2008).	 OsTDL1A	 binds	 to	 the	 LRR	 domain	 of	 rice	 receptor	 kinase	 MSP1,	 and	 is	 required	 to	 limit	1149	
sporocyte	numbers.	Plant	J,	54(3),	375-387.	doi:10.1111/j.1365-313X.2008.03426.x	1150	
42	
	
	1151	
